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WORK OF THE HEART* 


The useful work performed by the heart dur- 
ing each cardiac cycle is the sum of potential 
energy (volume ejected times change in pres- 
sure) plus the kinetic energy of the outflowing 
blood. According to traditional concepts, the 


* From the Department of Physiology and Biophysics, 
University of Washington School of Medicine, Seattle, 
Washington. This investigation was supported (in part) 
by a research grant from the National Heart Institute 
of the National Institutes of Health, Public Health Serv- 
ice, and the American Heart Association. 


RECLINING 


STANDING 


amount of energy released by the contracting 
myocardium is determined by the diastolic length 
of the myocardial fibers (Starling’s Law of the 
Heart). On this basis, the diastolic volume of the 
heart should be small and the systolic ejection 
quite complete when the load on the heart is 
minimal. An increase in the amount of energy 
released by the heart should be accompanied by 
distention of the ventricles during diastole. This 
concept has been amply confirmed in isolated 
hearts or heart-lung preparations, but experi- 
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Figure 1. In the normal resting dog or human, the ventricles are distended to their maximal volume during each 
diastolic filling. The systolic reserve capacity is also maximal. The ventricular volume diminishes on standing so that 
stroke volume can be increased by either greater diastolic filling, greater systolic ejection, or both. The diastolic filling 
is determined by the relationship between filling pressure and “distensibility”; systolic ejection by the outflow and the 


“contractility.” 
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Table I 


Factors Affecting Cardiac Output 


Cardiac output 


Heart rate 


Diastolic volume 


Myocardial 
Distensibility 


Diastolic 
Pressure 


Stroke volume 


Systolic volume 


Myocardial 
Contractility 


Arterial 
Pressure 


ments on intact animals’ * and human subjects*® 
have demonstrated that the heart normally func- 
tions at large systolic and diastolic volumes. In 
fact, the diastolic volume of the heart is maxi- 
mal when a subject is at rest in a horizontal 
position.”* Any change in status or position re- 
sults in a diminution in both the systolic and 
the diastolic dimensions of the heart. Thus, the 
ventricles of standing dogs or humans function 
between the maximum diastolic and the mini- 
mum systolic sizes (Figure 1). The extent to 
which the ventricles can distend during filling 
can be regarded as a diastolic reserve capacity 
and the additional blood which can be ejected 
during contraction serves as a systolic reserve 
capacity. The normal heart can utilize either, 
or both, of these reserve capacities during cardio- 
vascular adjustments requiring increased stroke 
volume. 


Factors Influencing Stroke Volume 


The stroke volume represents the difference 
between the diastolic volume and the systolic 
volume (Table I). The diastolic volume is de- 
termined by the effective filling pressure, which 
tends to distend the ventricular myocardium, 
and the resistance afforded by the ventricular 
wall to stretch (“distensibility”). Many mecha- 
nisms which can alter the ventricular filling pres- 
sure are easily visualized, but the factors which 
influence the “distensibility” of the ventricles 
are not well understood. Physiological experi- 
ments have demonstrated that greater diastolic 
distention without a corresponding increase in 
filling pressure may follow administration of 
epinephrine. Such a change in “distensibility” 
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corresponds to a variation in “tone” of the myo- 
cardium similar to that in visceral smooth muscle. 
Thus, the diastolic distention of the ventricles 
must be considered in terms of both filling pres- 
sure and “distensibility,” since the resting ten- 
sion of myocardium can be altered by auto- 
nomic hormones or discharges along autonomic 
nerves (Figure 1). 

Factors causing the ventricles to empty more 
completely at one time than another must also 
be considered. As the ventricles contract, blood 
is ejected from the chamber into the correspond- 
ing artery only so long as the ventricular myo- 
cardium maintains a ventricular pressure higher 
than the corresponding arterial pressure. The 
tension of contracting myocardial fibers tends to 
diminish as they shorten. Thus, ventricular ejec- 
tion will cease when the myocardial fibers can- 
not continue to shorten without permitting the 
ventricular pressure to fall below the arterial 
pressure. The degree of systolic emptying of 
the ventricles is influenced by many factors, in- 
cluding the systemic arterial pressure, the heart 
rate, and the myocardial “contractility.” 

The term “contractility” is widely used but 
rarely defined. It generally refers to the effects 
of administering epinephrine or of stimulating 
sympathetic nerves to the heart. Increased “con- 
tractility” implies that the contracting myocar- 
dium develops greater tension more rapidly at 
the onset of systole, the duration of systole is 
shortened, the ventricular pressures drop more 
rapidly at the end of systole, systolic pressure is 
higher, and systolic ejection is more complete. 
A growing mass of evidence indicates that the 
traditional concepts, based on Starling’s Law 
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of the Heart, do not explain adequately the car- 
diac responses observed in intact animals and 
man. The effects of changes in heart rate and 
“contractility” are so prominent in intact ani- 
mals that the role of Starling’s law is largely 
obscured. The most effective mechanism for in- 
creasing myocardial contractility under normal 
conditions is through increased activity along 
sympathetic nerves to the heart. Neural control 
mechanisms now appear to be the primary and 
prepotent mechanism of cardiac control. 


Acute Ventricular Failure 


In the past, heart failure has frequently been 
attributed to a progressive dilation of the heart 
beyond the normal functional range in which 
Starling’s Law of the Heart operates. On this 
basis, heart failure has been viewed as an over- 
extension of a normal cardiac response to a load. 
The fact that the ventricles normally become 
smaller rather than larger during exercise indi- 
cates that this view should be reconsidered. The 
progressive distention of a failing ventricle means 
that a larger residual volume of blood remains 
in the ventricles at the end of systole. The re- 
duced degree of systolic emptying suggests that 
the systolic reserve capacity cannot be utilized. 
In other words, the “contractility” of the ven- 
tricular myocardium is deficient, and the dias- 
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tolic reserve capacity is utilized to its maximum 
extent. Under these conditions, the stroke vol- 
ume should be about as great at rest as that 
which can be attained during exertion. Such in- 
ability to increase stroke volume has been di- 
rectly demonstrated in patients with heart fail- 
ure. The concept that heart failure results from 
a severe reduction in myocardial contractility 
is more a description than an explanation, but 
may suggest rational approaches to research and 
to patient care. 


CARDIAC RESPONSES TO 
CHRONIC LOADS 


Knowledge concerning the functional charac- 
teristics of myocardium and the architecture of 
the ventricular chambers makes it possible to 
predict the manner in which the right or the 
left ventricle will respond to the common types 
of loads resulting from various disease processes. 
The nature of the load carried by the right and 
left ventricles is determined in part by the char- 
acteristics of the circulatory bed which they 
serve. The architecture of the ventricular cham- 
bers reflects the kind of load they bear.® ?° For 
example, the left ventricle is a roughly cylindri- 
cal cavity enclosed within thick myocardial walls, 
the ventricular septum being considered a por- 
tion of the left ventricle (Figure 24). A power- 
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Figure 2. (A) The anatomical distinction between the thick-walled left ventricle and the thin right ventricular wall is 
indicated schematically. (B) The Law of Laplace states that if the internal pressure is constant, the tension in the wall 
increases with the radius of the hollow viscus, The relationships between wall thickness and cavity volume are indi- 


cated schematically for: (C) the normal heart, (D) right ventricular hypertrophy and (£) left ventricular dilation. 
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ful cuff of myocardium encircles the chamber 
like a clenched fist. The surface area of the left 
ventricle is small in relation to the contained 
volume so that the thick walls function as a high- 
pressure pumping system. In contrast, the right 
ventricular chamber is a narrow space between 
two broad surfaces, being merely a cleft between 
the ventricular septum and the thin free wall. 
In short, the right ventricle has a very large 
surface area per unit of contained volume, and 
serves as an effective volume pump against a 
low outflow resistance. Like a bellows, the right 
ventricle ejects large volumes with relatively 
slight degrees of myocardial shortening. Right 
ventricular outputs three times the normal rest- 
ing level are frequently sustained for years in 
some patients with large atrial septal defects 
and little pulmonary hypertension. On the other 
hand, the normal right ventricle may fail rapidly 
when suddenly forced to pump blood against a 
high outflow pressure (e.g., acute pulmonary 
hypertension from pulmonary embolism). The 
difference between the architecture of the right 
and left ventricles can be interpreted in terms 
of the tension which must be developed by the 
contracting myocardium according to the Law 


of Laplace. 


The Law of Laplace 


The pressure (P) in a hollow viscus is de- 
termined by the relationship between the ten- 
sion (7) and the radius (r) of its walls in ac- 


cordance with the formula: 


T 


r 


the Law of Laplace. This principle is easily dem- 
onstrated by means of a partially inflated balloon 
(Figure 2B). Although the internal pressure is 
equal throughout the balloon, the wall is much 
more tense in the region where the radius is 
greater.'! The undistended portion can be easily 
compressed between the fingers while the ex- 
panded wall resists indentation. The Laplace re- 
lationship also helps to explain how thin-walled 
vascular capillaries can support high pressures.’* 
For example, the thick-walled aorta supports a 
mean pressure of about 100 mm. Hg. Capillaries 
1 M. below the heart also support a pressure of 
about 100 mm. Hg with little more than a single 
layer of epithelial cells. Because of the tremen- 
dous difference in radius, the wall tension of the 
aorta is more than 2000 times greater than that of 
the capillary. This same principle influences the 
amount of tension which must be developed by 
myocardial fibers to elevate ventricular pressure. 


Right Ventricular Responses to Volume 
and Pressure Loads 


The free wall of the right ventricle approxi- 
mates a segment of a sphere with a relatively 
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large radius. For this reason, the right ven- 
tricular chamber can accommodate relatively 
large increments of volume with a very slight 
distention or lengthening of myocardial fibers. 
Similarly, relatively large volumes of blood can 
be ejected by slight degrees of myocardial short- 
ening. For this reason, the right ventricle can 
readily accommodate a greatly increased stroke 
volume over long periods of time with little vis- 
ible distention of the chamber and relatively 
slight increase in the degree of myocardial short- 
ening. As mentioned above, the right ventricle 
rapidly fails when suddenly confronted with 
greatly increased outflow pressure, as occurs with 
pulmonary embolism. In order to elevate right 
ventricular pressure to high levels, the myo- 
cardial fibers would be forced to develop ten- 
sion beyond their capability, as predicted from 
the Law of Laplace. In other words, the right 
ventricle is effective as a volume pump, and 
suffers a mechanical disadvantage when. acting 
against high outflow pressures. If pulmonary 
hypertension is present at birth or develops 
gradually, the right ventricle develops a thick 
wall and a conformation which resemble those 
of the normal left ventricle (Figure 2D). In 
short, the right ventricle is converted into a 
high-pressure pumping chamber when confronted 
with a chronic pressure load. 


Left Ventricular Responses to Volume 
and Pressure Loads 


When the left ventricle is confronted by a 
sustained pressure load (e.g., aortic stenosis or 
essential hypertension) the walls become thicker 
through hypertrophy of the individual myo- 
cardial fibers. Individual myocardial fibers may 
grow from a normal diameter of about 16 p» 
to a diameter of 32 ». Apparently, further thick- 
ening of the fibers so increases the distance of 
diffusion to the center of the fiber that oxygen 
delivery and removal of wastes become im- 
peded.'* The hypertrophied fibers apparently 
can exert increased contractile tension. Left ven- 
tricular dilation is not an appropriate response 
to increased intraventricular pressure because 
the myocardial fibers in a distended chamber 
must exert even more tension than those in a 
small chamber. Thus, in accordance with the 
Law of Laplace, the left ventricle typically re- 
mains relatively small in the face of essential 
hypertension or aortic stenosis. Dilation may 
indicate the appearance of relative myocardial 
ischemia. 

When the left ventricle must pump large stroke 
volumes, either the myocardial fibers must 
shorten more or the ventricular chamber must 
dilate. The myocardium in a dog’s heart shortens 
about 3 to 5 per cent during normal systole.’ 
The myocardium functions most effectively when 
its relative shortening remains small, so the typi- 
cal response to a sustained volume load is dila- 


tion. When the ventricle becomes distended, the 
myocardial tension must increase to maintain 
the same systolic blood pressure: 


so the myocardial fibers become hypertrophied. 
For this reason, chronic left ventricular dilation 
is almost always accompanied by some myocar- 
dial hypertrophy. Chronic volume loads are also 
imposed when a sustained increase in ventricular 
ejection is required by such conditions as insuffi- 
ciency of aortic or mitral valves, arteriovenous 
fistulae, Paget’s disease, and hyperthyroidism. 
The largest hearts result from massive left ven- 
tricular dilation in patients with severe aortic 
regurgitation. In such cases, the walls are thin 
in relation to the chamber size, and the surface 
area is greatly increased. In this sense, the dis- 
tended left ventricle resembles the normal right 
ventricle. The right and left ventricular adap- 
tations to chronic pressure and volume loads 
have been oversimplified in this discussion, More 
detailed analysis of the changes in ventricular 
architecture has been reported by Grant.’® 


Rosert RusHMer, M.D. 

Professor of Physiology 

Department of Physiology and Biophysics 
University of Washington School of Medicine 
Seattle, Washington 
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Center, San Francisco 22, California. 


A SPECIAL SCIENTIFIC PROGRAM 


marking the opening of its new 
CARDIOVASCULAR RESEARCH INSTITUTE 


will be presented in the auditorium of the University of California Medical Center, San Fran- 
cisco, on Thursday afternoon, October 23, 1958, from 2:00 to 5:00 P.M. Those attending the 
31st Scientific Sessions of the American Heart Association are invited. The speakers will be: 


Sir George Pickering, Regius Professor of Medicine, University of Oxford, England 
Dr. I. Lyon Chaikoff, Professor of Physiology, University of California, Berkeley 
Dr. Malcolm Mellroy, First Assistant, Institute of Cardiology, London, England 


Dr. Julius H. Comroe, Jr., Director, Cardiovascular Research Institute, University of Cali- 
fornia Medical Center, San Francisco 


Plan to arrive in San Francisco in time to attend this meeting! Seating capacity limited to 500. 
For tickets, apply to the Cardiovascular Research Institute, University of California Medical 
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THE AMERICAN HEART ASSOCIATION 
and 


THE AMERICAN SOCIETY FOR THE STUDY OF ARTERIOSCLEROSIS 


cordially invite you to attend their 


JOINT SESSIONS 


Genetic Factors in Cardiovascular Disease—A Symposium 
Friday Morning, October 24, 1958 —9.:00 A.M. to 12:30 P.M. 


Chairmen: Dr. Victor A. McKusick, Baltimore, Maryland 
Dr. David Adlersberg, New York, New York 


Hypertension — Sir George Pickering, Oxford, England 
— Dr. Douglas R. Drury, Los Angeles, California 
— Dr. Caroline B. Thomas, Baltimore, Maryland 


Atherosclerosis — Dr. Frederick H. Epstein, Ann Arbor, Michigan 
— Dr. Richard H. Osborne, New York, New York 
— Dr. Arthur G. Steinberg, Cleveland, Ohio 


Rheumatic Fever — Dr. Paul A. Lembcke, Los Angeles, California 
— Dr. May G. Wilson, New York, New York 


Congenital Malformations —Dr. Victor A. McKusick, Baltimore, Maryland 
— Dr, Catherine A. Neill, Baltimore, Maryland 


Discussion: Opened by Dr. Antonio Ciocco, Pittsburgh, Pennsylvania 


Panels on Arteriosclerosis 


Saturday Afternoon, October 25, 1958 — 2:00 to 5:00 P.M. 


Emotional Factors 
in Atherosclerosis — Dr. Louis N. Katz, Chicago, Illinois, Moderator 


Association of 
Hypertension and 
Atherosclerosis — Dr. A. C. Corcoran, Cleveland, Ohio, Moderator 


(A list of speakers for the Saturday afternoon session is not yet available) 


Civic Auditorium 


San Francisco, California 
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